Introduction
Xenobiotics are natural or artificial chemical substances that are alien to the body, such as drugs, industrial products, pesticides, pollutants, alkaloids, metabolites of secondary plants, and toxins produced by fungi, plants, and animals (Parkinson, 1996) , many of them acting as endocrine disruptors. In their natural or biotransformed state, xenobiotics can affect DNA integrity, leading to cancer if exposure persists. Accumulated DNA damage, added to spontaneous replication errors not corrected by the repair system, can cause irreversible mutations which in turn can lead to the development of tumors and/or progression of cancer. Epidemiological studies show that 80-90% of all cancers are related to environmental factors like smoking and occupational and dietary exposures (Doll & Peto, 1981) . Thus, the individual capacity to biotransform toxic into non-toxic xenobiotics can be considered the first line of defense in the process characterized by successive stages of transformation of potentially toxic chemical substances as a pathway towards their subsequent elimination. The enzymes involved are frequently the ones that determine the intensity and duration of the action of drugs and other xenobiotics, hence their importance in chemical and carcinogenic toxicity. Biotransformation of xenobiotics involves the modification of their physical properties, generally from lipophilic (easily absorbed) to hydrophilic, facilitating their excretion. Otherwise, many lipophilic xenobiotics would be excreted so slowly that they would eventually accumulate, destroying the organism by making it biologically nonviable (Parkinson, 1996) . The same can happen when the absorption rate exceeds that of elimination. This imbalance can jeopardize the body's homeostasis and the accumulation of certain drugs, for example, can have toxic consequences of a pharmacological, pathological, or genotoxic nature. An example of pharmacological toxicity is the central nervous system depression caused by barbiturates; a pathological effect is the kidney involvement in mercury poisoning and an example of a genotoxic effect is cancer caused by mustard gas.
Biotransformation involves two stages: phase I, mainly involving enzymatic activity from the cytochrome P450 (CYP) family; and phase II, catalyzed by conjugation enzymes like glutathione S-transferase (GST), UDP-glucuronosyltransferase, and N-acetyltransferase (NAT). Most carcinogenic chemical products are not toxic per se and require metabolic activation before interacting with cellular macromolecules. Phase I enzymes promote the activation of drugs and pro-carcinogens for the genotoxic electrophilic intermediaries. Meanwhile, phase II enzymes generally act as inactivating enzymes, that is, they catalyze the binding of intermediary metabolites to cofactors, transforming them into more hydrophilic products, thus facilitating their elimination (Raunio et al., 1995) . Therefore, the coordinated expression and regulation of xenobiotic metabolizing enzymes (XMEs) in both phase I and phase II and their metabolic equilibrium in the cells of target organs can be important factors in determining susceptibility to cancer as related to exposure to carcinogens .
Mutations in these genes can produce defective, partially defective enzymes or ones with altered specificities to the substrates, and thus there may or may not be the production of functional proteins or even enzymes with different levels of activities. The combination of the alleles from these genes can cause an increase or decrease in the susceptibility to certain toxic agents or environmental carcinogens. There are marked interindividual and interethnic differences in the capacity to metabolize drugs and other xenobiotics. This variation is due to the polimorphisms in the corresponding genes and to physiological, pathological, and environmental factors (Ingelman-Sundberg, 1998) .
Interindividual variability in xenobiotic metabolism has been associated with greater or lesser susceptibility to toxicity or cancer risk in response to the same exposure to a given environmental pollutant. Thus, individuals incapable of adequately detoxifying a metabolic carcinogen or toxic agent due to reduced enzymatic activity would undergo more DNA and cell damage with the formation of adducts, or chemical elements bound to the DNA and protein macromolecules, genomic instability, and consequently would have a greater risk of developing toxicity or cancer (Raunio et al., 1995) .
Increasing attention has been focused on our knowledge of variations in susceptibility to diseases within a population and the identification of risk factors so as to orient preventive policies. The literature has shown that variability in the expression of genes for XMEs (xenobiotic metabolizing enzymes) suggests an influence on the biological response to carcinogens. Despite displaying weak indication of risk at the individual level due to association with various other factors, gene polymorphisms (principally those influencing the metabolic activation or detoxification of carcinogenic chemical products) can be important factors for susceptibility at the population level (Perera, 1997) .
Molecular epidemiology has made great progress in detecting many human gene polymorphisms in XMEs, and some have shown to be correlated to increased risk of cancer. Not all the enzymes involved in phase I and II biotransformation are part of the detoxification process. For example, some microsomal and mitochondrial P450 enzymes play a relevant role in the biosynthesis of steroid hormones, biliary acids, fat-soluble vitamins, fatty acids, etc. This paper focuses on just a few genetic polymorphisms that have been investigated more extensively due to their association with cancer, like genes from the cytochrome P450 (CYP1A1, CYP2E1, and CYP2D6) and glutathione S-transferase (GSTM1, GSTM3, GSTP1, and GSTT1) families.
Cytochrome P450 genes (CYPs)
The human cytochrome P450 superfamily comprises at least ten known and characterized families and numerous sub-families (Nebert, 1991) . During biotransformation, cytochrome P450 mediates the phase I reactions in which xenobiotics are detoxified or activated to reactive intermediate substances. The highest concentration of these enzymes has been observed in the liver endoplasmic reticulum (microsomes), but they are present in all tissues in a tissue-specific manner. In the liver, they determine the intensity and duration of drug action and promote the detoxification of xenobiotics. They also catalyze the activation of xenobiotics to toxic and/or carcinogenic metabolites in both the liver and extra-hepatic tissues.
The contribution of each P450 enzyme to the activation of carcinogens has been extensively evaluated, and this research has shown that most environmental carcinogens are activated principally by a limited number of them, including the following: CYP1A1, CYP1A2, CYP2E1, CYP2D6, and CYP3A . Many are polymorphic, displaying different metabolic activities, reflected in adverse toxic effects, including carcinogenesis induced by endogenous chemical substances (Autrup, 2000) .
CYP1A1
This gene belongs to the CYP1 sub-family and encodes for the enzyme aryl hydrocarbon hydroxylase (AHH), which catalyzes the first step in the metabolism of polycyclic aromatic hydrocarbons, such as those found in cigarette smoke, transforming them into carcinogens.
The observation of a trimodal pattern of inducibility in AHH suggests that CYP1A1 is genetically regulated (Kellermann et al., 1973; Trell et al., 1985) . Individuals with CYP1A1 gene inducibility or high levels of AHH enzymatic activity can be more susceptible to the carcinogens present in cigarette smoke and to the development of lung cancer induced by these agents.
The CYP1A1 gene is located in chromosome 15, band 15q22-24 (Hildebrand et al., 1985) and various patterns in restriction fragment length polymorphism (RFLP) for this gene have been reported. An Msp I RFLP was identified in the 3' flanking region of the CYP1A1 gene (Kawajin et al., 1990) . This mutation determines three different genotypes, called m1/m1, which is homozygotes for the wild type allele and does not have the restriction site for Msp I, m1/m2, and m2/m2, which are, respectively, the heterozygotes and the homozygotes for the mutant allele and which have the site for Msp I. Individuals with the mutant allele display increased AHH activity. A second point mutation, a transversion in position 4889 in exon 7, was described and linked to Msp I. This mutation leads to a isoleucine/valine substitution in exon 7 and is known as Ile-Val or exon 7 polymorphism (Hayashi et al., 1991a) . The Ile/Ile genotype corresponds to the wild type and Ile/Val and Val/Val to the heterozygous and homozygous genotypes for the mutant allele, respectively. Its function has still not been completely defined, and may depend on its link to the Msp I polymorphism or to other polymorphisms that can affect the CYP1A1 transcription levels, such as polymorphisms for promoter genes, AHR (Ah receptor) genes, or other metabolic genes (Crofts et al. 1994) . The exon 7 mutation has been associated with both an increase in the inducibility and activity of the CYP1A1 enzyme (Crofts et al. 1994) . A third polymorphism with no link to the previous two was found in African-American populations (AA polymorphism), and its functional consequences remain to be defined . Finally, the polymorphism involving a transversion in position 4887 of exon 7, was described by Cascorbi et al. (1996) . Its frequency is ten times higher in Caucasians than in African-Americans (4.0% vs 0.4%, respectively), and its functional effect also remains to be determined.
• CYP1A1 and cancer susceptibility Kouri et al. (1982) observed a positive correlation between AHH enzyme activity and lung cancer. Since then, various association studies have been conducted in different populations, seeking a correlation between the mutant genotype and different types of cancer (Table 1) .
A correlation between CYP1A1 polymorphism (Msp I) and lung cancer susceptibility was observed in the Japanese (Hayashi et al., 1992; Kawajiri et al., 1990 Kawajiri et al., , 1993 Nakachi et al., 1991) and Hawaiians (Le Marchand et al., 1998) , but not in Caucasians or African Americans (Hirvönen et al., 1992; Shields et al., 1993; Tefre et al., 1991) . The suggested explanation for this discrepancy is that it reflects different frequencies of mutant alleles in the various ethnic groups . However, a case-control study on lung cancer in Rio de Janeiro by Sugimura et al. (1995) found the same association with CYP1A1 observed by Kawajiri et al. (1990) . More recently, Xu et al. (1996) also demonstrated a significant association between CYP1A1 polymorphisms (Msp I) and lung cancer risk in the U.S. population, even after excluding non Caucasians from the analysis. According to these authors, the Msp I CYP1A1 variant promotes an increased risk of lung cancer in both Japanese and Caucasians. Nakachi et al. (1993) , studying squamous cell carcinoma in Japanese smokers, observed an increased risk among individuals with the CYP1A1(m2/m2) genotype combined with the GSTM1 null genotype. The same was observed in Hawaiians by Le Marchand et al. (1998) . In a similar study, Kihara et al. (1995) also observed that the frequency of CYP1A1(m2/m2) did not differ between patients and controls who smoked, but that the frequency of individuals carrying genotype CYP1A1(m2/m2) and GSTM1 null was greater among patients than controls. When they estimated the odds ratio, they observed that CYP1A1(m2/m2) and GSTM1 positive individuals were associated with a lower risk of developing tumors than individuals with genotype CYP1A1(m2/m2) and GSTM1 null. These results suggest that genotype CYP1A1 (m2/m2) promotes a relative resistance to lung cancer when combined with GSTM1 positive, but susceptibility when combined with GSTM1 null. Kihara et al. (1995) also suggest that the combination of these two polymorphisms may be a good marker for predicting tobacco-related lung cancer risk in populations like the Japanese in which the CYP1A1(m2/m2) allele is common. However, Matthias et al. (1998) , studying cancer of the upper aerodigestive tract, did not observe differences in the genotypic distribution of polymorphisms CYP1A1, CYP2E1, and CYP2D6. Sivaraman et al. (1994) , studying different ethnic groups, observed that genotype CYP1A1 Msp I (m2/m2) was significantly associated with the risk of colorectal cancer in Japanese and Hawaiians, but not in Caucasians. Once again the results show that this effect is more difficult to reproduce in Caucasians due to the low frequency of the m2 allele and also the need for very large samples in population studies when the frequency of the mutant allele is low.
Based on the knowledge that estrogen metabolism is in part determined by CYP1A1, Taioli et al. (1995) studied the role of CYP1A1 in breast cancer susceptibility among Caucasian and African American women. No association was found with the Msp I polymorphism in Caucasian women, but in African American women the m2/m2 genotype was associated with this cancer. According to the authors, the mechanisms in this association are still unknown, but there may be a link between the Msp I polymorphism and other polymorphisms related to breast cancer in the African American population. A study by Bailey et al. (1998) using a larger population sample failed to confirm this association.
In relation to the exon 7 polymorphism in the CYP1A1 gene, the G allele appears to be associated with increased risk of lung cancer Sugimura et al., 1998) and oral cancer (Park et al., 1997) , suggesting that this polymorphism may be responsible for individual susceptibility in these cases. However, in some studies no significant differences were observed in the genotype distribution between controls and cases of esophageal (Morita et al., 1997) , colorectal (Sivaraman et al., 1994) , and head and neck cancer (Olshan et al., 2000) . Park et al. (1997) observed that individuals with genotype CYP1A1 (ile/val) had a greater risk of oral cancer and that this was not influenced by different levels of exposure to tobacco. However, Tanimoto et al. (1999) observed a strong association between the Msp I polymorphism and oral cancer in individuals with low levels of cigarette consumption. This association is consistent with high levels of the CYP1A1 enzyme in the oral tissue (Romkes et al., 1996) . In addition, Sato et al. (2000) observed a greater risk of oral squamous cell cancer (SCC) in individuals with genotype CYP1A1 (val/val) combined with GSTM1 null, particularly at low levels of tobacco exposure. The discrepancy in these results has prompted research on these polymorphisms in different ethnic groups and types of cancer. In addition, it shows the importance of sample size (when the frequency of the mutant alleles is low), ethnic differences, environmental exposures, and gene-gene and gene-environment interactions. 
CYP2E1
The CYP2E1 gene belongs to the CYP2 family and encodes the enzyme N,N-dimethylnitrosamino-N-dimethylase, which catalyzes the oxidation of many low molecular weight procarcinogens like benzene, styrene, and the nitrosamines. This enzyme is also involved in the metabolism of ethanol and acetone (González et al., 1998; Hayashi et al., 1991b) and can be induced by isoniazide and ethanol. It is present in various tissues, including the brain and lung, but its greatest expression occurs in the liver. CYP2E1 has a clear toxicological role, since it activates pro-carcinogens, organic solvents, and drugs, converting them into cytotoxic or carcinogenic products and potentiating the toxicity of solvents and drugs (Nedelcheva et al., 1996) . The CYP2E1 gene was mapped in region 10q24.3-qter of chromosome 10 (Kolble, 1993; Okino et al., 1987) . Restriction fragment length polymorphism (RFLP) analysis revealed detectable polymorphisms through endonucleases Taq I, Dra I, Rsa I, Xmn I, and Msp I, and two principal sites were studied in correlation with diseases. These sites are located in region 5', approximately 1020 bp upstream, where RFLP analysis revealed alleles c1 and c2. The wild allele c1 presents a restriction site for Rsa I (RsaI+). Allele c2 results from a mutation (a G/C substitution), losing the restriction site to Rsa I (RsaI-), creating a site for the enzyme Pst I (Hayashi et al., 1991b) . These sites are in linkage disequilibrium. Interest in these sites stemmed from observations on the possible association with induction of the gene (Nedelcheva et al., 1996) . The polymorphisms affect its link to a transcription factor, altering its transcriptional regulation and may lead to inter-individual differences in the microsomal oxidation activity for drugs and other xenobiotics (Hayashi et al., 1991b) . The c2 allele form binds the transcription factors to the mutation region less efficiently, suggesting that the gene is less expressed in vivo in individuals carrying this allele. Frequency of this allele is relatively low in different populations, for example 5% in Caucasians (Persson et al., 1993) .
• CYP2E1 and cancer susceptibility
The CYP2E1 polymorphism has been related to lung (El-Zein et al., 1997; Persson et al., 1993) , esophagus (Lin et al., 1998) , and oral cancer (Hung et al., 1997) (Table 2 ). The presence of CYP2E1 as the predominant isoform in the breast is also an interesting finding, since it has been demonstrated that alcohol consumption is related to breast cancer (Hellmold et al., 1998) . Hung et al. (1997) observed an association between the mutant allele c2 (genotypes c1c2 and c2c2) and a significantly increased risk of oral cancer in a population in Taiwan. The frequencies of these genotypes were 51.2% and 37.4% in cases and controls, respectively. Alcohol consumption was also associated with a significantly increased risk of this type of cancer in this population, suggesting that gene-environment interactions were influencing oral carcinogenesis. Meanwhile, Tan et al. (2000) observed that genotype CYP2E1 (c1c1) was associated with increased risk of esophageal cancer. The reasons for these discrepancies are not clear, but the authors suggest that ethnic differences in allele frequencies and specific exposures associated with polymorphisms should be considered. Hirvönen et al. (1993) also observed differences in genotype distribution in lung cancer cases and controls. However, the risk related to the mutant genotype was not significantly greater in this type of cancer. Sugimura et al. (1995) also failed to find an association between the CYP2E1 Rsa I polymorphism and lung cancer in Rio de Janeiro, but the inter-ethnic difference reported by Kato et al. (1992) was corroborated, since the prevalence of homozygosity for absence of the Rsa I site was much lower than among the Japanese.
CYP2D6
The CYP2D6 gene belongs to the CYP2 family and was mapped in human chromosome 22, band 22q13.1 (Gough et al., 1993) . Enzyme CYP2D6 (debrisoquine-4-hydroxylase) metabolizes debrisoquine and at least 80 other drugs, like antidepressants, neuroleptics, many antiarrhythmics, and lipophilic β-blockers (Ayesh et al., 1984; Autrup, 2000; Bertilsson, 1995) . In addition to these substrates, CYP2D6 also acts on the carcinogen nitrosamine NNK (4-methylnitrosamino-1(3-pyridyl)-1-butanone), a component of cigarette smoke (Crespi et al., 1991) . The absence of debrisoquine-4-hydroxylase activity can have serious clinical consequences and even lead to death, since usual doses can cause high plasma levels of the drug, leading to side effects (Bertilsson, 1995) . Debrisoquine is a drug used for treating hypertension, and a wide variation has been observed in the hypotensive response. A clinical consequence of slow metabolism is the great sensitivity to the anti-hypertensive effects of debrisoquine (Idle , 1978) . Meanwhile, although extensive metabolizers display less risk of the effects of overdoses from debrisoquine and related drugs, they show an increased risk (20 to 40-fold) of developing cancer of the liver, gastrointestinal tract, and lung as compared to slow metabolizers (Nebert & González, 1987) .
Most individuals (80-90%) have at least one wild allele (CYP2D6*1) for the CYP2D6 gene and are classified functionally as extensive metabolizers. There are two other groups of individuals: one with intermediate metabolic activity, known as intermediate metabolizers, and the other with ultra-rapid activity, known as ultra-rapid metabolizers. The first phenotype is attributed to a mutation in the wild allele (CYP2D6*1) and the second to an amplification of either the wild allele or an active mutant allele. Finally, there is a small group (5-10% of Caucasians, 2% of African Americans, and 1% of Orientals) who are poor metabolizers and identified by loss of gene function and absence of protein (Pavanello & Clonfero, 2000) .
An updated review of this complex polymorphism is provided by Sachse et al. (1997) . According to these authors, different alleles for the CYP2D6 gene consist mainly of point mutations, conversions, gene duplications, and complete gene deletion. Some 15 alleles have been recorded and associated with low activity (CYP2D6*2, *9, *10) and with its absence (CYP2D6*3, *4, *5, *6, *7, *8, *11, *12, *13, *14, *15, *16). The combination of all these alleles provides a wide range of possible phenotypes in relation to CYP2D6 activity. Given the nature of the substances metabolized by these enzymes, this polymorphism is used principally to identify poor metabolizers with anomalous responses to given drugs. In ultra-rapid metabolizers, the usual doses of given drugs fail to produce the desired pharmacological effect. Determination of CYP2D6 expression serves to detect therapeutic problems due to metabolism and can contribute to individualization of the dose regimen, reaching optimum drug therapeutic levels and reducing both cost and possible adverse effects (Chen et al., 1996) .
• CYP2D6 and cancer susceptibility Some studies on the association between the CYP2D6 gene and cancer are shown in Table 3 . An association was observed between this gene and lung cancer (Caporaso et al., 1989 (Caporaso et al., , 1990 Roots et al., 1988) and oral cancer . Increased CYP2D6 activity (EM phenotype) has been related to some malignant processes, like bladder cancer (Anwar et al., 1996) . The data suggest that the increased metabolism of one or more agents in the diet or other environmental agents, mediated by CYP2D6, forms reactive intermediaries that influence the initiation or promotion of cancer in various tissues (Nebert, 1997) . Meanwhile, reduced CYP2D6 activity (PM phenotype) has been related to greater risk of Parkinson's disease (Smith et al. 1992) , leukemia (Roddam et al., 2000) , and oral cancer . The distinction is not clear between the EM and PM phenotypes and susceptibility to cancer. This could be explained by the fact that PM individuals, much less exposed than EMs to the metabolites of carcinogenic-genotoxic drugs, must be exposed longer to the toxic effects of non-metabolized drugs and numerous other factors still not identified (Taninghera et al., 1999) . It is known that the toxic effects can contribute to carcinogenesis, for example, through a necrogenic response followed by compensatory increased cell division (Butterworth et al., 1992; Preston-Martin et al., 1990) . Patients with lung cancer have shown a greater frequency of genotype EM. This association is supported by the discovery that CYP2D6 can activate nitrosamine 4-(methylnitrosamino)-1-(3-piridyl)-1-butanone, specific to tobacco for reactive metabolites (Crespi et al, 1991) . Kato et al. (1995) observed that the levels of DNA adducts in the lung were increased as a function of CYP2D6 activity, a result consistent with activation of tobacco mediated by this enzyme.
Finally, Elexpuru-Camiruaga et al. (1995) , using logistic regression analysis, observed that both the GSTT1 null genotype and PM genotype for CYP2D6 were significant risk factors for astrocytoma (odds ratio = 2.67; 95% CI = 1.53-4.65; and odds ratio = 4.17; 95% CI = 1.57-11.09, respectively) and meningioma (odds ratio = 4.52; 95% CI = 2.18-9.34; and odds ratio = 4.90; 95% CI = 1.39-17.26; p = 0.0132, respectively) when corrected for other variables. These results suggest that polymorphisms in the XME coding loci influence susceptibility to astrocytoma and meningioma, possibly by determination of the efficiency of detoxification of environmental carcinogens.
Genes for glutathione S-transferase (GST)
The glutathione S-transferases (GSTs) constitute a super-family of isozymes of a complex multigenic nature, widely distributed in the animal kingdom (Mannervik, 1985) . Their primary function is detoxification, mediating the conjugation of a large number of electrophilic compounds with reduced glutathione (GSH), in a typical phase II metabolic reaction (Pickett et al., 1989) . These conjugation reactions facilitate the excretion of many xenobiotics, including carcinogens, toxins, and drugs in the form of mercapturic acids. Different GST isozymes have been identified in human populations, some with tissuespecific expression (Board, 1981; Laisney et al., 1984; Suzuki et al., 1987) . They are classified according to their physical, immunological, and structural properties and specificity in relation to the substrates and are determined by various gene loci, many of which already identified. In mammals they are expressed at a higher level in the liver, constituting more than 4% of total soluble protein (Eaton & Bammler, 1999) , and at least seven distinct families of soluble GSTs have been identified: alpha (α), mu (µ), pi (π), sigma (σ), theta (θ), kappa (κ), and zeta (ζ) (Landi, 2000) . 
GSTM1
In the mu class, at least five distinct genes for GSTM have been cloned and sequenced: GSTM1, GSTM2, GSTM3, GSTM4, and GSTM5 (Campbell et al., 1990; Gough et al., 1994; Takahashi et al., 1993; Taylor et al., 1990; Vorachek et al.,1991; Zhong et al., 1993a) . All these five genes were mapped in the short arm of chromosome 1, while the GSTM1 gene is located in region 1p13 Zhong et al., 1992) . The GSTM1 gene is polymorphic and represented by a non-functional null allele, GSTM1*0 (Seidegard et al., 1988) and by two other active alleles, GSTM1*A and GSTM1*B, which differ by a single base pair in exon 7, introducing a restriction site for Hae II in the gene sequence (Fryer et al., 1993) . The product of this gene catalyzes the detoxification of alkyl and polycyclic aromatic hydrocarbons that are intermediary forms of many carcinogens. It is also capable of reducing some superoxides and the products of oxidative stress, such as the DNA hydroperoxides (Smith et al., 1995) . The GSTM1 null allele appears to be the result of an unequal "crossing-over" between two highly identical 4.2-kb repeat regions flanking the GSTM1 gene, resulting in a 15-kb deletion that includes the entire GSTM1 gene (Xu et al., 1998) . The proportion of homozygous GSTM1 0/0 individuals is quite variable in different racial groups, ranging from 20 to 60% (Board et al., 1990) .
Interest in GSTM1 has been stimulated by studies indicating that homozygosity for GSTM1*0 is associated with increased risk of various diseases, including chronic bronchitis (Baranova et al., 1997) , arteriosclerosis (Pessah-Rasmussen et al., 1992) , and various types of cancer: lung (Seidegard et al., 1986 (Seidegard et al., , 1990 , adenocarcinoma (Strange et al., 1991) , and colorectal (Zhong et al., 1993b) . These studies are based on the hypothesis that the presence or absence of GSTM1 is a determinant factor in susceptibility to the disease. GSTM1 deficiency may be a risk factor for cancer, causing greater sensitivity to given chemical carcinogens (Strange et al., 1991; Van Poppel et al., 1992) .
GSTM3
GSTM3 is also a mu class GST, located in chromosome 1p13.3 (Gough et al., 1994; . This polymorphism was identified by Inskip et al. (1995) , who used PCR with specific oligonucleotides for exons 6 and 7 to demonstrate different alleles in the GSTM3 gene. Sequencing showed a mutant allele GSTM3*B with a 3-bp deletion in intron 6. These authors also observed that the GSTM3*B allele was significantly associated with the GSTM1*A allele, displaying a very close linkage to the locus for the GSTM1 gene. Two distinct interactions were observed between GSTM1 and GSTM3. First, Nakajima et al. (1995) showed that GSTM1 null individuals expressed lower levels of GSTM3 and possibly of GSTM2. No mechanism was proposed for this effect. Meanwhile, data from Inskip et al. (1995) showed that individuals expressing GSTM1, GSTM1 A, and GSTM1 B could display different susceptibilities due to linkage with GSTM3. This would explain results showing a lower frequency of GSTM1*B in the cancer patient group (Heagerty et al., 1994) . The mechanism is still not clear, since GSTM1*A and GSTM1*B have similar structural and catalytic properties. Identification of the GSTM3 polymorphism linked to GSTM1*A suggests that GSTM1 A confers greater susceptibility due to its association with GSTM3*B. Thus, GSTM1 A individuals must demonstrate reduced expression of GSTM3 due to the YY1 negative transcription factor. This factor appears to regulate the expression of intragenic sequences in various genes, including c-myc (Hariharan et al., 1991) . These data suggest that in the determination of the role of GSTM1 in cancer susceptibility it may also be necessary to consider complex interactions among the various members of this family .
GSTP1
A genetic polymorphism, GSTP1, has been described in the pi class of glutathione S-transferase. The GSTP1 gene is located on chromosome 11q13 (Board et al., 1989; Moscow et al., 1988 ) and the enzyme is expressed primarily in tissues like placenta, spleen, heart, and lung (Kelley et al., 1994) .
The GSTP1 polymorphisms were first reported by Board et al. (1990) . Four GSTP1 alleles have been described: the wild-type GSTP1*A allele and three other variant alleles called GSTP1*B, GSTP1*C, and GSTP1*D (Ali-Osman et al., 1997; Watson et al., 1998) . These different alleles result from the combination of two single nucleotide polymorphisms within the GSTP1 gene, one of which resulting in a change at codon 105 (Ile/Val), and the other at codon 114 (Ala/Val). GSTP1*A is the most common haplotype and has Ile at codon 105 and Ala at codon 114. The second, GSTP1*B, has Val at codon 105 and Ala at codon 114. GSTP1*C has Val at both, codon 105 and 114. Finally, GSTP1*D is a rare allele which contains the wild-type codon 105 sequence (Ile) and Val at codon 114 (Ali-Osman et al., 1997; Watson et al., 1998) .
Studies have demonstrated that the coding region polymorphisms and different GSTP1 isoforms exhibit differences in substrate specificity and thermal stability properties, possibly leading to functional alteration, conferring different catalytic activities (Ali-Osman et al., 1997; Harries et al., 1997; Zimniak et al., 1994) . Enzymes with 105Val alleles have a seven-fold greater catalytic efficiency for polycyclic aromatic hydrocarbon diol epoxides, but threefold lower efficiency for 1-chloro-2,4-dinitrobenzene when compared with GSTP1*A allele (Ali-Osman et al., 1997; Harries et al., 1997; Sundberg et al., 1998; Watson et al., 1998; Zimniak et al., 1994) .
Increased expression of the GSTP1 gene has been associated with malignant transformation, resistance to anti-tumoral drugs, and decreased survival (Commandeur et al., 1995; Morrow & Cowan, 1990; Tew, 1994; Tsuchida & Sato, 1992) . In many human tumors and preneoplastic lesions, the GSTP1 protein is overexpressed, even when the protein is absent or present at very low levels in corresponding normal tissue. Individuals with the 105Val allele have a higher risk of developing lung cancer than individuals with the 105Ile allele (Ryberg et al., 1997). A four-fold greater frequency of the GSTP1*C variant in malignant gliomas was found when compared to normal tissue (Ali-Osman et al., 1997) . The authors provide conclusive molecular evidence that the polymorphism in the human GSTP1 gene results in active proteins that are functionally different and may facilitate studies on the importance of these genes in xenobiotic metabolism, cancer, and other human disease (Ali-Osman et al., 1997).
GSTT1
Two genes have been identified in the theta class: GSTT1 and GSTT2, located in chromosome 22, in the same region, 22q11.2 (Webb et al., 1996) . In humans, GSTT1 is polymorphic and represented by two alleles: a functional or wild allele (GSTT1*1) and a non-functional or null allele (GSTT1*0). Studies have demonstrated that the GSTT1*0 allele corresponds to a total or partial deletion of the gene, causing a deficiency in enzymatic activity (Hallier et al., 1993; Pemble et al., 1994) . Two phenotypes are possible: "GSTT1 null", the homozygote for the deleted allele, and "GSTT1-positive", the phenotype with at least one copy of the gene. The frequency of the GSTT1 null genotype in Caucasian populations is approximately 20% (Pemble et al., 1994) , while this frequency is different in other ethnic groups: 64.4% in Chinese and 60.2% in Koreans (Nelson et al., 1995) ; 20-24% in African Americans (Abdel-Rahman et al., 1996; Chen et al., 1996; Nelson et al., 1995) . GSTT1 appears to be the main enzyme involved in the biotransformation of various low molecular weight toxins, like ethylene oxide, mono-and dihalomethanes, and other substrates, many of which are known or suspected carcinogens. It is difficult to predict the biological consequences of the null genotype, since this enzyme has the properties of detoxifying and activating many environmental pollutants. An increase was observed in the rate of sister chromatid exchanges (SCE) induced in vitro by 1,3-epoxy-3-butene in lymphocyte cultures of individuals classified as GSTT1 null (Bernardini et al., 1998) . Chromosomal aberrations were significantly greater in GSTT1 null workers exposed to 1,3-butadiene (Sorsa et al., 1996) . GSTT1 null smokers had significantly more chromosomal aberrations than smokers expressing the gene (El-Zein et al., 1997). Methylbromide, a neurotoxic and mutagenic compound, is metabolized by GSTT1. Of two individuals accidentally exposed to this compound, the GSTT1-positive individual showed severe signs of neurotoxicity, suggesting that neurotoxic metabolites are formed by GSTT1, while the individual not expressing GSTT1 had higher levels of S-methylcysteine adducts in blood proteins, which is indicative of increased levels of mutagenic metabolites (Garnier et al., 1996) . The null phenotype also appears to lead to greater susceptibility to tobacco-and alcohol-related types of cancer Hayes & Pulford, 1995) .
GST and susceptibility to cancer
Most of the studies on the role of GST polymorphisms in the development of cancer have focused on GSTM1, with fewer (but more recent) studies on GSTT1, GSTM3, and GSTP1. In Table 4 , some of them are shown.
In relation to lung cancer, for example, Seidegard et al. (1986) showed that smokers deficient in GSTM1, that is, homozygotes for the null allele, showed increased risk for this type of cancer. Meanwhile, the presence of the whole gene appeared to protect against chemicallyinduced cytogenetic damage (Scarpato et al., 1997; Van Poppel et al., 1992) and DNA adducts Table 4 GSTM1, GSTM3, GSTT1, and GSTP1 polymorphism of in selected cancer sites (literature review).
Authors
Gene GSTT1-null Caucasians GSTT1; OR = 1.4 (0.7-2.9) (GSTM 00 and GSTT1-null) vs (GSTM 00 or GSTT1 null); OR = 2.0 (0.8-5.2) (GSTM 00 and GSTT1 Nair et al. (1999) GSTM1 e GSTT1 GSTM1-00 and India Oral GSTM1; OR = 22.0 (10.0-47.0) GSTT1-null GSTT1; OR = 11.0 (5.0-22.0) Chen et al. (1997) GSTM1 e GSTT1 GSTM1 00 and USA Acute GSTM1 00 and GSTT1 null genotype GSTT1 null lymphoblastic among patients vs normal control; leukemia (ALL) 23.5% vs 3.9%, p = .0005 (Only African American patients with ALL) NS = Not significant; OR= Odds ratio; df = Degree of freedom; SCC = Squamous cell carcinoma; BCC = Basal cell carcinoma; * controls vs multiple BCC; ** premenopausal women in the lung (Liu et al., 1991; Shields et al., 1993) . Ryberg et al. (1997) showed that the level of DNA adducts in the lungs of male smokers was influenced more by GSTP1 than by GSTM1. According to these authors, smokers with at least one mutant allele for GSTP1 showed significantly higher levels of DNA adducts than controls, while the GSTM1 null genotype did not show higher levels. When they combined the two polymorphisms GSTM1 and GSTP1 they observed that patients with the GSTM1 null genotype and the GSTP1 genotype with at least one mutant allele had significantly higher levels of adducts than other combinations (Ryberg et al., 1997) . This fact tends to support the relationship between genotoxicity and GSTP1 polymorphism (Kristensen et al., 1998) . To-Figueras et al. (1997) did not observe a significantly greater frequency of the GSTM1 null genotype in lung cancer cases in a Caucasian population, which agrees with data from Nyberg et al. (1998) . Meanwhile, the frequency of the other genotypes GSTM1 A, GSTM1 B, and GSTM1 A/B did not differ between cases and controls (To-Figueras et al., 1997) , unlike the results of other studies in tumors of the bladder, larynx, and skin, in which a protective role was proposed for GSTM1*A (Brockmöller et al., 1994 and GSTM1*A/GSTM1*B (Heagerty et al., 1994; Jahnke et al., 1996) .
Recently, Jourenkova-Mironova et al. (1998) studied the influence of four GST polymorphisms (GSTM1, GSTT1, GSTM3, and GSTP1) on lung cancer susceptibility. The results showed that when studied separately, GSTM3 and GSTP1 did not contribute significantly to the risk of lung cancer. The GSTM3 results are in agreement with those observed in patients with basal cell carcinoma (Yengi et al., 1996) and astrocytoma (Hand et al., 1996) . As for GSTP1, the findings are consistent with those of two other recent studies (Harries et al., 1997; Harris et al., 1998) , but not with those of a third study showing a 1.7-fold risk (95% CI: 1.13-2.57) of lung cancer (Ryberg et al., 1997) . When Jourenkova-Mironova et al. (1998) analyzed the combinations of the four polymorphisms, they noted that the combination of genotypes GSTM3 AA and GSTP1 (AG or GG) and GSTM1 null conferred an increased (although statistically non-significant) risk of lung cancer (OR = 2.9, 95% CI: 0.7-12.1). Later, Jourenkova-Mironova et al. (1999) , studying cancer of the larynx, observed a significant increase in risk related to genotype GSTM3 AB or BB, (OR = 2.0; 95% CI: 1.1-3.4) and the combination of this genotype with GSTM1-null conferring a four-fold risk (95% CI: 1.6-10.1).
Various authors have described family clustering in oral cancer (Foulkes et al., 1995) , and the proposed explanation involves gene polymorphisms for drug-metabolizing enzymes. studied the effects of genotypes GSTM1 and GSTT1 on the risk of cancer of the larynx and observed an increased risk related to the GSTM1 null genotype and greater (although not significant) risk for GSTT1 null. Individuals lacking both genes GSTM1 and GSTT1 had a two-fold risk, although not significant, as compared to those with at least one of the genes, and a three-fold risk as compared to those with both genes. In addition, a statistically significant interaction was observed between the GSTM1 genotypes and levels of tobacco consumption (p < 0.05). However, Park et al. (1997) failed to find an association between the GSTM1 null allele and oral cancer. Meanwhile, Matthias et al. (1998) , studying cancer of the upper aerodigestive tract (oral, laryngeal, and pharyngeal squamous cell carcinoma), did not observe differences in the frequency of the GSTT1-null genotype between cases and controls, but did observe that the frequency of genotype GSTM1 A/B was significantly lower in patients with oral, laryngeal, and pharyngeal squamous cell carcinoma, suggesting a protective effect, while genotype GSTM3 A/A moderately increased the risk . Previously, had already observed that genotype GSTM1 A/B was associated with reduced risk of multiple cutaneous basal cell carcinomas. The influence of GSTM1 A/B, but not of GSTM1 A or GSTM1 B (principally heterozygotes with GSTM1*0), suggests a dose-gene effect .
Recent epidemiological studies on GSTs and breast cancer have been inconsistent. Some studies suggest an association between the GSTM1 null genotype and breast cancer in postmenopausal women (Charrier et al., 1999; Helzlsouer et al., 1998; Maugard et al., 1998) , but these results disagree with various other studies (Ambrosone et al., 1995 (Ambrosone et al., , 1999 Zhong et al., 1993b) . More recently, Park et al. (2000) observed that the GSTM1 null genotype showed a statistically significant association with breast cancer, increasing the risk in premenopausal but not in postmenopausal women, while the GSTT1 null genotype showed similar risk levels in all the groups analyzed. When they combined these two genotypes, they observed that the presence of both null alleles significantly increased the risk of this cancer, especially in premenopausal women and those who consumed alcohol, suggesting a gene-environment interaction in individual susceptibility to breast cancer (Park et al., 2000) . These results disagree with those of Curran et al. (2000) , who failed to find any association between polymorphisms GSTM1, GSTP1, and GSTT1 and breast cancer in an Australian sample.
Other independent studies on various types of cancer have also shown this relationship between XMEs and lung cancer (Lan et al., 2000) , bladder cancer (Anwar et al., 1996; Kempkes et al., 1996) , colorectal cancer (Deakin et al., 1996) , breast cancer (Mitrunen et al., 2001) , esophageal cancer (Van Lieshout et al., 1999) , oral cancer (Nair et al., 1999) , and leukemia .
Conclusions
Prevention is crucial and effective for reducing cancer mortality. The fact that many cancers are caused by various forms of environmental and viral exposure suggests that such causes could be avoided through preventive measures. In addition, metabolism of carcinogens under genetic control as an important factor in modulating individual susceptibility to cancer is a plausible hypothesis. Information on susceptibility to cancer is valuable for identifying high-risk individuals, allowing for early diagnosis and reduction of risk exposure to carcinogens, some of them possibly acting as endocrine disruptors.
Recent knowledge on the basic genetics of metabolic variation has provided new possibilities for the study of individual susceptibility to cancer induced by the environment. With the advent of techniques based on the polymerase chain reaction (PCR), it is now possible to identify the genotype of an individual with a series of enzymatic polymorphisms involved in the metabolism of xenobiotics, some of which are potent carcinogens. New molecular biology techniques have allowed for much more direct correlations between a particular genotype and the incidence of cancer and other chemicallyinduced diseases. Given the number of polymorphisms, the variability in the expression of XMEs, and the complexity of chemical exposure, determination of a single polymorphic enzyme may not be sufficient, and it appears to be necessary to establish a risk profile for each individual or sub-group. The conflictive results observed in the literature show the still present difficulty to evaluate this complex phenomenon. The number of genes responsible for determining risk is still not clear. Studies combining various XME genotypes from phases I and II of metabolism may be provide more information than the analysis of individual genes, since if genetic susceptibility is partially mediated by polymorphic variation, the risk associated with only one locus is probably small, due to the multiplicative interaction model probably at play. One of the futture challenges in molecular epidemiology maybe resides in the ability to evaluate different scenarios in which interactions among several genetic polymorphisms, and among gene/s and environmental carcinogens yield different susceptibility levels on cancer etiology. 
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